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Abstract 
The ability to electrically control the optical properties of metamaterials is an essential capability required 
for technological innovation. The creation of dynamic electrically tuneable metamaterials in the visible and 
near IR region are important for a range of imaging and fibre optic technologies. However current 
approaches require complex nanofabrication processes which are incompatible for low cost device 
production. Here, we report a novel simple approach for electrical control of optical properties which 
utilises a flexoelectric dielectric element to electromechanically manipulate the form factor of a chiral 
nanostructure. By altering the dimensions of the chiral nanostructure, we allow the polarisation properties 
of light to be electrically controlled. The flexoelectric element is part of a composite metafilm that is 
templated on to a nanostructured polymer substrate. Since the flexoelectric element does not require in 
situ high temperature annealing it can be readily combined with polymer-based substrates produced by 
high throughput methods. This is not the case for piezoelectric elements, routinely used in 
microelectromechanical (MEM) devices which require high temperature processing. Consequently, 
combining amorphous flexoelectric dielectric and low-cost polymer-based materials provides a route to the 
high throughput production of electrically responsive disposable metadevices.  
Introduction 
Metamaterials formed from nanofabricated subwavelength sized elements have had a disruptive influence 
in the field of optics, providing new ways of manipulating and exploiting electromagnetic (EM) fields1. The 
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earliest metamaterials were passive elements with optical properties that were pre-determined by 
structure design, materials and dielectric environments. An important area of innovation is the 
development of new concepts for “dynamic” metamaterials, for which optical properties can be actively 
controlled by external stimuli2-6. Active control in the visible and near infrared (NIR) region is a requirement 
for developing novel imaging and optical processing technologies. Currently, dynamic tuning in this region 
is achieved either by altering the dielectric environment or by manipulating the physical structure of the 
metamaterial4, 7-16. These established strategies suffer from two principle weaknesses, they either require 
complex nanofabrication procedures that are incompatible with high throughput, low cost production, or 
they do not rely on electrical stimuli. Dynamic manipulation of properties using for example heat, 
magnetism, or light is less desirable than electrical control for device implementation. 
Piezoelectric ceramic materials are routinely used to create micro (nano) electromechanical (M(N)EM) 
devices17. However, they require in situ high temperature processing which is incompatible with polymer 
platforms, that are fabricated by high throughput processes such as nano-imprint18 and injection 
moulding19. 
The piezoelectric effect is the spontaneous creation of a dipole moment in some materials by the 
application of pressure. Conversely, the inverse piezoelectric effect describes the generation of stress (i.e. a 
change in volume) by the application of an electric field. The effect occurs in crystalline materials without 
inversion symmetry, typically ceramics with perovskite structures20. A problem is that low temperature 
deposition methods for piezoelectric materials including Pb(ZrxTi1-x)O3 (PZT) onto amorphous substrates 
typically produce amorphous films that require annealing to temperatures significantly beyond the 
softening point of polymers before they crystallise and display piezeoelectric effects21. Thus, there are 
significant hurdles in creating polymer-based platforms that incorporate piezoelectric elements.  
Here we demonstrate a polymer-based nano-electromechanical metamaterial which provides dynamic 
control of the polarisation of light by manipulating the dimensions of nanoscale chiral elements. The 
composite metamaterial consists of an array of chiral nanostructured indentations in a polycarbonate 
substrate which have previously been shown to exhibit large chiroptical effects 19.  The polycarbonate is 
then overlaid by a sandwiched metafilm, which contains a layer (50 – 150 nm) of amorphous PZT. The 
intrinsically weak electromechanical response of amorphous PZT is amplified by flexoelectric effects, which 
are significant because of the large electrostatic field gradients generated by the nanostructured film. 
Consequently, we demonstrate a strategy to create NEM devices without the need for high temperature 
processing, providing a route to high throughput, low cost manufacturing.  The metamaterial sandwich 
structure can be considered to consist of two “meta” elements.  The Au layer is an optical element, which 
controls and sculpts the flow of electromagnetic fields.  Whilst the PZT is an electromechanical element, 
the response of which is amplified by its nanostructured properties. 
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Flexoelectricity is a generic property which all insulators display to varying degrees: they polarise on 
application to an inhomogeneous stress22. Conversely, the application of a non-uniform electric field 
gradient will result in stress. Flexoelectricity is closely related to piezoelectricity, also relying on symmetry 
breaking. However, in flexoelectricity the breaking of the centre of symmetry is the result of the 
perturbation of a non-uniform strain, rather than an intrinsic structural property. Consequently, 
flexoelectric effects are formally allowed in all materials irrespective of crystallinity or structure.  
For an amorphous material in which piezoelectric effects can be neglected the inverse flexoelectric is 
mathematically expressed as22: 
𝜎 = 𝜇∇𝐸    (Equation 1) 
Where   is mechanical stress (defined by force per unit area), E is the electric field and  is a (4th order) 
flexoelectric tensor. The strain (i.e. % change in volume) is linearly dependent on the flexoelectric stress 
(within the elastic regime of the material) and thus E, this contrasts with the piezoelectric effect which is 
linearly dependent on E. Consequently, while flexoelectric effects may be minor in bulks samples, they will 
be significantly enhanced in nanostructured materials which can sustain large electric field gradients23-25. It 
is this enhancement which is at the heart of the observation we present. 
The nanostructured polycarbonate substrates used in the study have been described in detail elsewhere19, 
26. The polymer substrates have areas (500 x 500 m) of chiral “shuriken” shaped indentations, shown in 
Figure 1 (A) with either left-handed (LH) or right-handed (RH) six-fold rotational symmetry arranged in a 
square lattice. These nanoscale indentations have a depth of 80 nm, are 530 nm in diameter from arm to 
arm, and have a pitch of 700 nm. After an appropriate cleaning procedure (see Methods) the 
polycarbonate substrates are initially with a 20 nm layer of Pt. Subsequently, a PZT layer of thickness X nm 
(where X = 50 or 150 nm) is deposited using pulsed laser deposition (PLD), Figure 1 Figure 1(B).  These 
values were chosen because they provide examples of films which are thinner (50 nm) and thicker (150 nm) 
than the depth of the nanostructure indentations (80 nm).  When the film is thinner than the depth of the 
indentation the PZT layers on the top surface of and within the indentation do overlap directly, which could 
affect the stability of the device.  Electron diffraction, Figure 1 (D-E), confirms that the PLD deposited PZT 
films display no long-range order, consistent with previous studies27. Finally, the sandwich structure is 
completed by the deposition of a 70 nm thick Au film. A photograph of the final device is shown in Figure 
1 (C). The Pt and Au films act as electrodes between which a DC voltage is applied.  The resistance between 
the electrodes was > 10 M for all the metafilms studied, with < 0.1 A of current being drawn when the 
voltage was applied, and there was no evidence for dielectric breakdown or short circuits between the 
electrodes up to 12 V.  However, for application of voltages > 12 V breakdown of the device was observed 
(see Supplementary Information). 
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
A
cc
ep
te
d 
A
rti
cl
e
 This article is protected by copyright. All rights reserved 
Results 
Spectroscopic measurements 
To aid comparison, only data for LH structures will be presented, although qualitatively similar effects are 
observed for RH structure (see Supplementary Information). Two types of optical spectra were collected 
from the devices: reflectance and optical rotatory dispersion (ORD). Reflectance spectra monitored the 
amount of linearly polarised light scattered from the shuriken structures relative to an unstructured Au 
film. ORD spectra show the amount of rotation of incident linearly polarised light as a function of 
wavelength. Due to the chirality of the shuriken structure they rotate the plane of polarisation of incident 
light. As expected, LH and RH nanostructures give otherwise identical mirror image ORD spectra. Both the 
50 and 150 nm PZT devices produced similar reflectance and ORD spectra, which were not significantly 
different from those obtained previously from solely 70 nm thick Au films deposited on the substrates19. 
Fundamental to this study is that ORD spectra are sensitive to the dimensions of the chiral shuriken 
structure. The ORD spectra, Figure 2, display a “bisignate” line shape which is characteristic of the 
chiroptical properties of the metamaterial being described by a helical oscillator model19. The reflectance 
spectra, Figure 2, display a resonance which has a “dip” of enhanced reflectivity. This behaviour has been 
observed in other metamaterials and has previously been referred to as plasmonic induced reflectance / 
transparency (PIR / PIT)26, 28. In the present case the PIR behaviour has been attributed to the coupling 
mediated via near fields of optical bright  and dark modes26, 29, 30 (see Supplementary Information). The 
similarities between the spectra, specifically the bisignate line shapes and peak-to-peak heights, collected 
from these metafilms and those of the plain Au equivalents suggests that the presence of the additional  
layers does not significantly degrade the structure of the shuriken indentation, which is supported by 
electron microscopy (see Supplementary Information). 
To assess the reproducibility of the voltage response, two devices where the PZT thickness, X = 150 nm 
were studied. We refer to these two samples as d150a and d150b. The optical properties of both devices 
have qualitatively similar dependencies on applied voltages. To aid clarity and reduce repetition only 
results for d150a will be presented here, analogous results for d150b can be found in Supplementary 
Information. In both cases, there is a threshold voltage for changes in optical properties to occur, 12 and 10 
V respectively for d150a and d150b.  
The devices underwent up to 8 cycles in which they were maintained at the threshold voltages for a 
sufficient time-period for any change in optical properties to have stabilised. Subsequently, to complete the 
cycle the device was earthed, whereupon the optical properties of the device gradually returned to those 
of the initial state after a period of < 2 hours (see Supplementary Information for relaxation data). The 
relatively long relaxation period indicates that the observed changes in optical properties are not 
associated with capacitance effects. Maintaining a device at the threshold voltage resulted in a progressive 
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decrease in the peak-to-peak magnitude of the bisignate ORD resonance until the value stabilised and a 
plateau region is achieved, see Figure 2 (A-C). With increasing number of cycles at the threshold voltage 
stabilisation of the ORD occurred at progressively lower peak-to-peak values, with a reduction to 47% of 
the initial value achieved after 8 cycles. The changes in the reflectance data, Figure 2 (A-C), follow a similar 
trend to the ORD data, however the spectral changes are less pronounced, with only significant changes, 
4%, being observed after 8 cycles. The change in reflectance spectra are consistent with those arising 
from slight changes in magnitude and phase of coupling between the bright and the dark modes of the 
shuriken structure26. This interpretation is based on a simple classical coupled oscillator model of the 
plasmonic response of the Au nanostructure. This model includes the relative phases of the excitation of 
the dark and bright modes of the shuriken structure, and has been shown to replicate the shuriken 
reflectance spectra29. Thus, although the changes in coupling produce only small changes to the reflectance 
properties of the film they give rise to significantly greater changes in the chiroptical properties.  
The device with a PZT thickness of 50 nm, subsequently referred to as d50a, also displays a threshold 
voltage, 18 V, for changes to the ORD, Figure 3 (A), and reflectance, Figure 3 (B), spectra. There is a 
reduction in the magnitude of the ORD resonance, which is smaller relatively than changes observed for the 
d150a and d150b. In a significant difference to the thicker PZT layer, the changes in the optical properties 
of d50a are irreversible. SEM images, Figure 4, were collected pre- and post-application of the voltages. The 
micrographs appear to show a narrowing of both the arms and diameter of the central region of the 
shuriken structure, thus corelating the changes in spectroscopic response to structural modifications.  From 
the SEM images, characteristic distances associated with the lateral dimensions of the nanostructures were 
determined, Table 1. It should be noted that SEM images can be distorted by aberration and charging 
effects.  Thus, to unambiguously validate the proposed corelation between the changes in ORD response 
and structure requires additional evidence provided by numerical modelling, which will be presented in 
subsequent sections (also see Supplementary Information for additional simulation data) 
Numerical EM modelling  
Electric fields 
To facilitate understanding of the origins of the physical changes suggested by the data, the intensities and 
gradients of electric field distributions within the unperturbed sandwich structure have been calculated 
using numerical simulations Figure 5. These simulation results support the hypothesis that the voltage 
induced changes in the shuriken structure have arisen form the inverse flexoelectric effect. The field plots 
show that there are large field gradients at the base of the shuriken, Figure 5 (A-B) and the side walls of the 
arms Figure 5 (C). However, at the top surface, 5 nm below the Au layer, the electric fields do not have 
significant gradients parallel or normal to the plane of the metafilm, Figure 5 (D). The location relative to 
the structure geometry of the planes containing the electrics fields in Figures 5 are shown in 
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Supplementary Information. This spatial distribution of electric field gradients would result in inverse 
flexoelectric expansions which are consistent with the changes in physical structure. It should be noted the 
electric field gradients are spatially varying, in the case of the base plane they have larger magnitudes 
within the arms than in the central region. This suggests that a flexoelectric induced expansion of the base 
would be non-uniform, with a greater reduction in depth at the arm than at the central region of the 
shuriken structures.  
Spectroscopy simulations 
Numerical simulations have also been used to qualitatively corelate experimental changes in ORD spectra 
to physical changes in structure. In contrast to the electric field simulations, computational constraints 
required that simplified structural models were used to replicate optical spectra. The two simplification 
were that the PZT and Pt layers were not included and changes in shuriken dimensions were uniform across 
individual internal surfaces (i.e. base or side walls). Given that the thickness of the metafilm is significantly 
larger than the skin depth of Au at optical frequencies the nature of the environment underneath the film 
will not significantly affect the optical properties. The model structures used to replicate spectra are shown 
in Figure 6. Although utilising simplified models the simulations provide qualitative agreement with 
experimental data. In the first instance the simulations were used to connect the SEM and spectroscopic 
data for the d50a device. The structural information provided by the SEM provided the lateral dimensions 
for the model. The structural parameters used to simulate the ORD spectra, Figure 7, pre- and post-
application of voltage are given in Table 2 The simulations qualitatively replicate the experimental results, 
specifically the reduction in the peak-to-peak height of the bisignate lineshape. This agreement between 
experiment and simulation could only be achieved if an expansion of the base (i.e. decrease in depth) 
comparable to the experimental observed lateral expansion of the side walls was included. Without this 
expansion of the base, simulations reveal a significant quenching of the level of the ORD signal (see 
Supplementary Information). 
Useable SEM images could not be obtained for the 150 nm PZT devices while they were being held at the 
operating voltages. Therefore, given the relatively short time scale,  2 hours, of the relaxation of voltage 
induced changes to ORD for the 150 nm PZT devices, SEM could not be used to monitor the associated 
structural changes. Consequently, the voltage induced structural changes are inferred from simulating the 
experimental ORD spectra. It was assumed that qualitatively similar structural changes to that observed for 
the d50a. The parameters used to replicate the reduction in the ORD signal are given in Table 2, and the 
simulated spectra are shown in Figure 7. The simulation shows a greater increase in the separation of the 
maxima and minima of the bisignate than is observed experimentally. We in part attribute such differences 
to the fact that the non-uniform expansion of the base implied by the modelling of the electric field 
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gradients was not included in the model. What is readily apparent from the simulated spectra is that only 
further slight, 1-2 nm, expansions of the wall and the base cause significant decrease in the level of ORD.  
Discussion 
When combined experimental and simulation data are consistent with the control of optical properties 
being due to structural changes originating from a significant flexoelectric, rather than a piezoelectric, 
response. The outward expansions of the internal surfaces of the shuriken required for simulations to 
replicate experimental data occur in areas with high electric field gradients rather than high electric field 
intensities. Consequently, there is a preferential expansion of the base leading to a decrease in the depth of 
the shuriken. The electric field intensities within the PZT in the regions of the base and top surface are 
similar. Thus, a piezoelectric response would expand both these identically thick base and top layers by the 
same amount, resulting in no change in the depth of the shuriken.  
A more quantitative interpretation of the electromechanical control of chiroptical properties requires an 
understanding of the stress-strain response of the Au film. Using the electric field gradients derived from 
the numerical simulations and an estimate of , the order of magnitude of the stress generated by the PZT 
layer can be determined using Equation 1. From previous work on PZT films 110-6 Cm-1 is a reasonable 
estimate for the value of  for the amorphous layer31. Materials with high dielectric constants, such has 
PZT, have larger 32 than the 110-10 Cm-1 typically expected for other materials33. From the simulations of 
the electric field gradients of the 150 nm PZT metafilms, Figure 5 (A-D), there are localised areas of the 
walls of the arms and the base of the shurikens which have electric fields gradients 110-16 Vm-2. This 
would indicate that in localised regions the internal surfaces of the shuriken experience stresses of the 
order of 1010 Nm-2 at 12 V. This value is comparable to the Young’s modulus measured previously for 100 
nm thick Au films34, 35 of 61010 Nm-2. This indicates that the stresses produced by the inverse flexoelectric 
effect in PZT would be sufficient to deform the Au shuriken indentation, to produce the changes in volume 
implied by the experimental data and numerical modelling.  
The apparent threshold for the voltage induced optical changes and the dependency of the effect on the 
number of cycles can be rationalised with the known stress-strain relationships for Au films34, 36. The stress-
strain curves for Au nanofilms are complex, displaying an initial linear elastic phase for strains  1%, 
followed by a plastic regime in which greater deformations are induced for smaller increases of stress. 
Given that the change in volume in the of the shuriken are 10s %, this implies that the required 
deformations of the Au films are in the plastic regime. It should be noted that assuming the Au film remains 
attached to the PZT layer it will be restored to its initial position once relaxation is complete. To a first 
approximation the stress induced in the metafilm layers will scale linearly with applied voltages and change 
in the ORD signal will corelate to strain (amount of deformation). Consequently, the stress – strain curve of 
the composite metafilm will have the same form as the voltage – ORD intensity curve. The effects of the 
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number of voltage cycles can also be understood in terms of the mechanical behaviour of the composite 
metafilm. Previous work has shown the stress-strain behaviour of Au films changes with multiple cycles of 
deformations34-36. With increasing cycles, the stress-strain curve moves to the right, i.e. it becomes 
progressively easier to deform the Au films. These changes in response are associated with physical 
alterations to the microstructure of the Au films36. This behaviour would be consistent with the shorter 
timescales observed for changes in ORD signal with increasing number of cycles.  
A remaining issue for discussion is the reversible versus irreversible behaviour of devices with 50 and 150 
nm PZT layers. The fundamental difference between the two composites is that in the 50 nm case, the PZT 
layer is thinner than the depth of the shuriken indentation (80 nm). Consequently, the layers of PZT on the 
top surface of the substrate and bottom of the indentation do not directly overlap.  It is proposed that 
these two layers are connected via a thin composite layer covering the side wall of the shuriken 
indentation. Thus, it is suggested that this thinner side wall fractures under the stresses produced by the 
PZT layer, causing a “freezing-in” of the deformation. 
Active chiral metamaterials capable of modulating chiroptical properties have been demonstrated, but are 
reliant upon complex multi-step fabrication techniques 37, 38, or the introduction of external reagents 39, 40 
whose mechanism is more conducive toward chemical sensing applications. The dynamic range for 
polarisation manipulation of these devices is  4.  Another configuration in the optical regime shows 
intensity dependent changes equivalent to variations of optical rotation  0.1 41.  Hence, the performance 
of the flexoelectric based disposable metadevices, dynamic range of  4, is comparable to the current 
state-of-the art. 
Conclusion 
This work is a proof-of-concept demonstration of a new paradigm of nanoelectromechanical control: the 
use of the inverse flexoelectric effect to manipulate the form factor of a nanostructure.  The performance 
of the prototype device has not been optimised and could be improved.  For instance the  slow and history 
dependent response, likely to be associated with the mechanical properties of PZT layer, could be mitigated 
against by using a more malleable flexoelectric polymer such as those based on PVDF42.  Also, a more 
substantial and reversible deformation may be possible if simpler 2-D chiral arrangement of closely coupled 
dot indentations were used instead of the complex shuriken design.  The concept of using flexoelectric 
materials to achieve nanoelectromechanical control has unique benefits.  Specifically, the concept is 
convergent with high throughput polymer-based nanofabrication technologies such as injection moulding 
or nanoimprint lithography.  Using an established platform of mass-produced prefabricated nanostructured 
polymer templates, active metadevices can be created through the room temperature deposition of 
sandwich layers.  This process is analogous to that used to manufacture optical storage disks (CDs, DVDs 
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and Blu-Rays Disks).  Hence, this work provides a strategy for the low-cost fabrication of 
electromechanically controlled metamaterial elements for optoelectronic devices.   
Methods 
Fabrication 
The fabrication technique is described by Gadegaard et al43. The master shim is made using electron beam 
lithography. To create the master, 100 nm of poly(methyl methacrylate) resist is spin coated onto a Si wafer 
and baked for an hour at 180 C˚.  The resist is patterned using a VB6 UHR EWF lithography tool (Raith). The 
exposed resist is developed in isopropyl alcohol (IPA) and methyl isobutyl ketone, MIBK (3:1 ratio) for 60 
secs, then rinsed in copious amounts of IPA before dried in a stream of nitrogen gas. The shim for injection 
moulding is prepared by electroplating from the patterned resist master. The polycarbonate samples are 
created via an injection moulder using the nickel shim. The resulting nanostructured polycarbonate sample 
is cleaned in IPA and dried under a stream of N2. A 20 nm platinum layer is then thermally evaporated onto 
the substrate.  
PZT Films were deposited by pulsed laser deposition (PLD) using sintered PZT targets (Pi Kem Ltd., UK) in 50 
mTorr pressure of oxygen. Deposition was conducted at room temperature directly onto structured 
polycarbonate substrates in a Neocera Pioneer PLD vacuum system, employing a Coherent Compex Pro KrF 
excimer laser (248 nm, 20 ns pulses, 18 Hz, up to 200 mJ pulse energy). The target was rotated during 
deposition to minimise the transfer of particulates to the sample. The film structure was then characterised 
by transmission electron microscopy by deposition a ~40 nm thick film directly onto an amorphous holey 
carbon film and imaged in a JEOL ARM CFEG instrument operated at 200kV. Lastly, 70 nm of gold is 
thermally evaporated onto the substrate.  
SEM image analysis 
The first measurement that was taken for each sample was an SEM image after manufacture, and the 
lateral dimensions illustrated in Table 1 were measured using the ImageJ image processing program. 
Twelve measurements were taken and averaged across multiple structures for the central diameter, arm-
to-arm separation, arm area and structure diameter, and 24 were averaged for the arm width and length 
measurements. Probability (p-) values 44 which parametrised the significance of differences between values 
before and after the application of voltages have be calculated. P-values < 0.04 are indicative of a 
significant difference. 
EM simulations 
Electromagnetic (EM) simulations were performed using a commercial finite-element package, COMSOL 
Version 5.5. Optical simulations were performed using the Wave Optics module. The nanostructure array 
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was simulated using periodic boundary conditions. Perfectly matched layer conditions were used above 
and below the input and output ports. The light incident upon the nanostructures was linearly polarised. 
ORD was determined by calculation of the Stokes polarisation parameters, the observables of the polarised 
field. Reflectance was determined by calculating the ratio of incident power reflected back onto a surface 
above the nanostructure array. Electric field simulations were performed using the Electric Fields and 
Currents module. An electric potential equal to the threshold voltage was applied between the gold and 
platinum layers of the device. Electric field and electric field gradients were subsequently calculated at 
planes which bisected the shuriken nanostructure (see Supplementary Information). 
Voltage dependent measurements 
Sequentially, larger DC voltages in the range 0 -12 V were applied to the devices for a period of at least 1 
hour. The Au and Pt layers where the positive and negative electrodes respectively. Both reflectance and 
ORD data were collected to monitor change in optical properties induced by the applied voltage. If no 
change in optical spectra was observed within this period, the voltage was increased. However, if changes 
were observed the device was maintained at the voltage for a time period sufficient for spectra to stabilise 
and no further changes to occur. After this point the device was maintained at 0 V and spectra collected to 
monitor any relaxation back towards the initial optical state of the device for periods of up to 3 hours. This 
cycle was the repeated approximately 15 hours later.  
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Figure 1: (A) A schematic diagram of the device shows the platinum, PZT and gold layers in a sandwich formation. (B) cross sectional 
view of the indentations shows the distribution of each material. The thickness of the PZT layer is either 50 or 150 nm. (C) A 
photograph of an actual 150 nm PZT metafilm is shown.  (D) Transmission electron microscopy of an as-deposited PZT film lacks the 
interference fringes that are characteristic of crystalline material. (E) A selected area electron diffraction pattern similarly lack sharp 
diffractive features. The film is amorphous. 
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Figure 2: ORD (upper panels)and reflectance (lower panels) spectra of sample d150a maintained at the threshold voltage after one 
(A) four (B) and eight (C) cycles. The time the spectra were collected after the application of the voltage is given in the insets. 
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Figure 3: ORD (A) and relative reflectance (B) spectra for sample d50a before any voltage has been applied (blue) and after a 
voltage has been applied (red) and the plateau region has been attained. 
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Figure 4: SEM images of sample d50a before (A) and after (B) the application of voltages show changes to the shuriken structure 
including  narrowing of the arm widths.  
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Figure 5: Electric field and electric field gradient plots of PZT material for the 50 (upper panels) and 150 (lower panels) nm thick 
structures. (A) Electric field and electric field gradients (both z-components) for a plane cutting the nanostructure at the point 
marked by the dashed line in (B). (B) Electric field and electric field gradient (z-components) at the base of the nanostructure. (C) 
Electric field and electric field gradient (y-components) surrounding the arms of the nanostructure, the slice is taken halfway 
between the top and bottom surfaces. (D) Electric field and electric field gradients (z-component) for the top surface of the PZT, 5 
nm below the gold layer. 
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Figure 6: Idealised models used to in simulations of ORD spectra shown in figure 10, for (A), before voltage applied, (B) and (C) the 
voltages applied for 50 and 150 nm PZT respectively. The positions of the x, y and z axes are shown. ORD spectra are collected / 
simulated with the incident linear polarisation parallel to the x-axis. 
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Figure 7. Simulated ORD spectra derived from models with structural parameter listed in Table 2. The blue, spectrum corresponds to 
the structure pre-application of voltage. The red spectrum corresponds to that obtained for the 50 nm PZT metafilm case. The green 
spectrum replicates a spectrum obtained for the 150 nm PZT metafilm 
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Table 1: We parameterise the lateral geometric components of sample d50a of the nanostructure from SEM images captured 
before and after the threshold voltage was applied. The arithmetic mean of between 12-24 measurements is shown, along with 
their associated standard deviation (). These measurements are used for the construction of EM simulations. P-values are also 
given, only the arm-arm separation shows no significant change. 
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Table 2: We parameterise the dimension of the three shuriken nanostructure models used to simulate the ORD spectra shown in 
Figure 10. The parameters which significantly affect the ORD magnitude and to which the largest changes are made are (c) arm 
width and (g) indentation depth.  
 
Innovation in metadevice technology requires electromechanical control of the form factor of 
nanostructures.  Current methods for achieving such nanoelectromechanical control are incompatible with 
low cost mass production.  We describe a new simple approach convergent with mass production that uses 
flexoelectric materials to achieve electromehanical control of nanostructure form factors. 
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